Latent infections have been established in cervical dorsal root ganglia of Balb/c mice following peripheral inoculation of ts mutants of HSV-I. Activation of the mutant LS2 at the non-permissive temperature in vitro by culture of excised ganglia, or in vivo by neurosurgery has allowed the unambiguous identification of the neuron as the site of latent infection. Evidence is presented which shows that activation of virus infection in latently infected ganglia by neurosurgery results in a reduction of the number of latent loci in that ganglion. One interpretation of this observation is that the productive infection which follows activation of latent virus in the neuron leads to the destruction of that cell.
(Accepted 6 May I98o) SUMMARY Latent infections have been established in cervical dorsal root ganglia of Balb/c mice following peripheral inoculation of ts mutants of HSV-I. Activation of the mutant LS2 at the non-permissive temperature in vitro by culture of excised ganglia, or in vivo by neurosurgery has allowed the unambiguous identification of the neuron as the site of latent infection. Evidence is presented which shows that activation of virus infection in latently infected ganglia by neurosurgery results in a reduction of the number of latent loci in that ganglion. One interpretation of this observation is that the productive infection which follows activation of latent virus in the neuron leads to the destruction of that cell.
I N T R O D U C T I O N
Following primary infection of the skin with herpes simplex, virus frequently penetrates the peripheral nervous system and travels intraaxonally to the local sensory ganglia (Hill et al. t972; Cook & Stevens, t973) . The subsequent interactions between virus and the cells of the ganglia are poorly understood but it is clear that long term relationships may be established (Stevens & Cook, 1971 ; Baringer & Swoveland, 1973) . Once the primary acute infection has cleared, infectious virus cannot normally be recovered directly from the neurological tissue using standard assay techniques. However, it is apparent that the complete genetic complement of the virus may be present, since excision of ganglia followed by in vitro culture leads to the emergence of infectious virus (Stevens & Cook, I97I ; Field et al. t979) . Reactivation also occurs in vivo when nerves are severed and a similar mechanism may apply (Carton & Kilbourne, I952; Walz et al. I974; Price & Schmitz, 1978) .
Stevens and his colleagues (Cook et aL I974) have exploited their in vitro reactivation system to provide evidence that the neuron is the cell which harbours the latent infection, showing that this was the cell type in which virus products were first detected after excision and culture of latent ganglia. However, these extremely important findings have not been confirmed independently. Since the in vitro reactivation process is asynchronous and virus may spread from cell to cell within the ganglion, it may be argued that the observed neurons were a result of a secondary infection and not the primary sites of reactivation. These considerations prompted us to re-examine this question.
In this paper we provide confirmation of Stevens' earlier conclusions and we also provide evidence which suggests that activation of latent virus in a neuron may lead to the death of that cell.
Cells and tissue culture. Baby hamster kidney cells (BHK-2I) were used throughout. The cells were maintained by passage in Glasgow-modified Eagle's medium supplemented with I O~o newborn calf serum and Io~ tryptose phosphate broth (ETC).
Virus strains. The viruses used in this work were all HSV-I strains. SCt6 (Hill et al. I975) was obtained from Dr H. J. Field; HFEM (Watson et al. I966 ) and mutants derived from it, LS2, LB3 and LB7 (Halliburton et al. I977) , were obtained from Dr Ian Halliburton. LS2 was a spontaneous ts mutant, whereas LB 3 and LB7 were isolated using 5-bromodeoxyuridine (BrdUrd). The permissive temperature for the mutants was 33 °C and the restrictive temperature was 38"5 °C. Virus stocks were prepared in BHK-2I cells using low multiplicity infection. The reversion frequencies for these mutants were all less than ~o -5.
Inoculation of mice. To obtain latently infected animals, 4-weekoold Balb/c mice were inoculated intradermally in the pinna of the left ear (Hill et al. I975) with virus contained in 2o/A of ETC.
Intracerebral inoculations were on 3-week-old Balb/c mice, each animal receiving Io 2 p.f.u, in zo/~1 of ETC. The animals were anaesthetized and the virus was inoculated into the right cerebral hemisphere.
Reactivation of virus in vitro. The cervical dorsal root ganglia, CII, CIII or CIV, were excised and cultured for the required length of time in ~ ml aerated Hepes-buffered Eagle's medium supplemented with I ~ newborn calf serum. The incubation temperature was 37 °C for the wild-type viruses and for the ts mutants either 33 or 38"5 °C.
Neurosurgery. Animals were deeply anaesthetized by intraperitoneal injection of 0"2 ml Hypnorm (diluted I : so in phosphate-buffered saline, PBS) (Janssen Pharmaceutica, Beerse, Belgium) and 0-2 ml Diazepam BP similarly diluted (Roche Products Limited, Welwyn Garden City, U.K.). The left great auricular nerve in the cervical plexus was severed. This nerve which connects the CIII cervical ganglion with the epidermal tissue of the ear has branches to the CII and CIV ganglia. Where possible these branches were also severed but the CIV connection was not always accessible. Mice usually recovered from the anaesthetic within 12 h and generally showed no signs of discomfort, and no apparent loss of sensory or motor functions in the ear.
Assay of virus in tissue. Brain or ganglial tissues were homogenized in I ml ETC using ground glass homogenizers. The disrupted tissue extracts were diluted where appropriate and assayed on monolayers of BHK-2I cells.
Preparation of specimens for histology and immunofluorescence. Ganglial tissue samples for histological investigation were fixed in 3~ formal saline. Paraffin sections (7/tm) were prepared and stained with haematoxylin and eosin.
Tissues to be examined by immunofluorescence were frozen in cryostat embedding compound (Tryco-M-Bed A.M.C. London). Serial 7/~m sections were cut on the cryostat (Bright Instruments Ltd., Huntingdon, U.K.), each ganglion generating approx. 80 sections. The sections were fixed to glass slides in acetone (-80 °C), air dried and all were stained by indirect immunofluorescence. The sera used were hyperimmune rabbit anti-HSV-I serum raised against HSV-infected rabbit kidney cells (Watson et al. I966 ) or pre-immune serum from the same rabbit and fluorescein-conjugated sheep anti-rabbit IgG (Wellcome Reagents Ltd., Beckenham). The pre-immune and anti-herpes sera were absorbed overnight at 4 °C before use with homogenized mouse brain (I brain per ml of serum) to eliminate non-specific adsorption to neurological tissue. The sections were mounted in 2o~ glycerol, I"5 M-tris pH 8"3. Tissue culture cells grown on glass slides were fixed and examined by immunofuorescence using the same procedure. Sections which exhibited immunofluorescence were washed in PBS and fixed in 3 ~o formal saline for 2 h at 4 °C. They were stained with Giemsa (diluted I : IO in 7 raM-phosphate buffer, pH 7), alcohol dried and mounted in Depex. 
Establiskment of latent infections in the cervical dorsal root ganglia
Latent HSV infections were established in the cervical ganglia of Balb/c mice following inoculation of the left ear pinnae with ts mutants of HFEM. Mice were also inoculated with the wild-type virus HFEM and strain SCI6. Sample groups of mice were tested for latent infections 4 weeks after inoculation, by excising the relevant ganglia and culturing them for 5 days either at the permissive temperature (33 °C) for the ts mutants or at 37 °C (Table 0. No infectious virus could be detected when reactivation of mutant-infected mice was at the restrictive temperature. However, latent infections were established efficiently when doses of Io 7 p.f.u, were used for the mutants or HFEM. Virus recovered from the mutant-infected mice at the permissive temperature was ts in phenotype. A smaller dose 0o 5 p.Lu.) was required with SC ~ 6.
Suitability of rnutants for reactivation studies
The rationale for using ts mutants in this study was to enable us to activate latent virus under non-permissive conditions, generating virus antigens in the abortively infected cell but preventing production of infectious virus (hence any possibility of virus spread and development of secondary loci of infection). This system allows unambiguous identification of the latently infected cell. We required a mutant which was not leaky at the non-permissive temperature and which was restricted at the body temperature of the mouse. We selected mutants initially which had reversion frequencies below Io -5.
The ability of each mutant to grow in vitro at the non-permissive temperature was assessed by performing a growth experiment at high multiplicity in BHK-2I cells (Fig. 0 -The ability to grow in vivo at the body temperature of the mouse was also assessed by a growth experiment in mouse brain (Fig. 2) . The results of these experiments showed that none of the three mutants examined grew in BHK cells at the non-permissive temperature of 38"5 °C-However, in contrast with LB3 and LB7, which grew well at 37 °C, the mutant LS2 replicated poorly at that temperature. The results in mouse brain were similar in that although the wild-type virus, HFEM, reached titres of lO 4 to lO 6 p.f.u, by day 5, titres for the mutant LB3 and LB7 reached only Io 3 p.f.u, or less. There was little evidence of any growth with LS2 although to ~ p.f.u, were recovered from one mouse at day 3. No virus was recovered at later times.
Immunofluorescent studies in BHK cells using low multiplicity infections at the nonpermissive temperature for the mutants showed that there was no cell-to-cell spread or formation of syncytia at that temperature (data not shown). The majority of fluorescent foci observed were single cells and there was no increase in the number of multicellular foci as a function of time.
The results outlined above showed LS2 to be effectively restricted in vitro at the nonpermissive temperature of 38-5 °C and partially restricted at 37 °C-It was unable to replicate in vivo at the body temperature of the mouse and therefore appeared to be the most appropriate mutant for reactivation studies. Time after infection (days) Fig. 2 . Intracerebral growth of viruses. Virus (I 02 p.f.u, in 20/zl ETC) was inoculated intracerebrally into 3-week-old Balb/c mice. The virus titres in the brain were determined I, 3, 5 and 9 days p.i. Three animals were used at each time point for each virus strain. Mice inoculated with HFEM died between 4 and 9 days p.i. and so it was not possible to obtain data for this virus at 9 days. The viruses used were HFEM (Q) and the mutants LB7 (©), LB3 (I) and LS2 (&). The lower limit of detection was io p.f.u./brain.
Reactivation of latent virus in vitro
Left CIII cervical ganglia were excised from each of a group of io latently infected mice and cultured for 2 days in vitro at the non-permissive temperature. The ganglia were sectioned and examined by indirect immunofluorescence. Two controls were used: a similar set of IO latent ganglia examined with pre-immune serum and a set of ro ganglia from uninfected animals examined with immune serum.
Three fluorescent foci were detected in the experimental group and none in either control group. In each case the positive cells were identified in at least two contiguous sections. The foci appeared to be neurons and this was confirmed by subsequent histological examination (Fig. 3) . The fluorescence was both nuclear and cytoplasmic although it was more intense in the nucleus.
One difficulty encountered with this approach was the poor tissue preservation. Although activation as assessed by recovery of infectious virus from ganglia was rather poor at day 2, longer incubation periods were not used in these experiments as they resulted in more serious tissue degeneration and identification of cells was more difficult. A further difficulty was that considerable autofluorescence appeared to be associated with degenerating neurons. Although this was weak compared with the fluorescence of positive foci, it complicated the interpretation of the results. In order to avoid in vitro culture of ganglial tissue and the associated degeneration of the samples, we attempted to reactivate the latent virus in vivo by neurosurgery.
Reactivation of latent virus in vivo
Nerve connections to the cervical ganglia of IO latently infected mice were severed as close as possible to the ganglia and the mice were allowed to recover. After 3 days the mice were killed and the CIII ganglia were excised, sectioned and examined byimmunofluorescence. The controls in this experiment were ganglia from uninfected mice which were treated in the same way. A total of nine fluorescent foci were seen in ganglia from three experimental animals and none was seen in the controls. As in the previous in vitro experiment all foci were on at least two contiguous sections and appeared to be single isolated neurons. Again, subsequent histological examination confirmed that the fluorescent cells were neurons (Fig. 4)- A careful examination was made of satellite glial cells associated with positive fluorescent neurons. The nuclei of these cells were clearly visible on sections following Giemsa staining, and comparison of the stained sections with photographs of the fluorescence in that region showed that none of these nuclei contained detectable HSV antigens.
The conclusion from this experiment was that HSV antigens were associated only with neurons and satellite glial cells were not involved in the activation of latent virus.
Latency status of animals after neurosurgery
Having demonstrated that a proportion of the latent virus in cervical ganglia reactivated following neurosurgery, we attempted to assess the latent status of animals which had severed nerve connections. Histological investigation of numerous ganglial sections taken 2 weeks after neurosurgery revealed little evidence of tissue degeneration or neuronal death (Fig. 5) .
In our initial experiments we investigated animals latently infected with ts mutants, since no infectious virus could be produced from reactivated neurons and there was no possibility of establishment of new latent foci. Ganglia excised 2 weeks after neurosurgery were reactivated in vitro. The results of these experiments (Table z) 
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+++ +++ * Virus titres were expressed as follows: -, no virus detected; +, 1 to 5o p.f.u.; + +, 5I to 5oo p.f.u.; + + +, 500 p.f.u. Ganglia were excised 2 weeks after neurosurgery.
t The average yields of virus in experiment 4 were I'2 x io ~ p.f.u, for the experimental group and 1.5 x IO 4 for the controls. * 26/44 ganglia were positive in the control groups and the average yield from the positives was 6"5 x io a p.f.u. (yield data from experiments 3 and 4 only). t 12/44 ganglia were positive in the experimental group and the average yield from the positives was 6"5 x io 8 p.f.u. (yield data from experiments 3 and 4 only). Ganglia were excised 2 weeks after neurosurgery. from control animals and 25 ~ from the experimental group). Furthermore, the quantity of virus produced on culture of positive ganglia was significantly less than that generated in the controls. Taken together these data indicated a significant reduction in the total number of latent foci. From these results it appeared that latent foci were destroyed by activation events.
Experiment
These experiments were repeated using mice infected with SCI6. Two weeks after neurosurgery ganglia were excised and cultured in vitro. The results (Table 3) were similar to those obtained with the mutants, showing a significant reduction in the proportion of latently infected ganglia and also in the quantity of virus recovered from the positive samples. This again was consistent with the hypothesis that virus activation destroys latent foci and furthermore, it would appear unlikely that the infectious virus produced generates new latent foci although this possibility cannot be rigorously excluded.
DISCUSSION
The experiments described provide confirmation of the earlier results of Stevens's group (Cook et al. I974) ; namely that the neurons in local dorsal root sensory ganglia may harbour latent HSV infections. 'The activation of virus infection by neurosurgery, coupled with the use of ts mutants which are unable to replicate at the body temperature of the mouse, allowed confident identification of the latently infected cells. The preservation of tissue morphology in vivo was far superior to that seen when ganglia were reactivated in vitro and simplified identification of the infected cell. The mutant LS2 was particularly useful for these experiments since it produced no infectious virus in vitro at the non-permissive temperature or in vivo in the nervous system of the mouse.
We cannot rigorously exclude the possibility that other cell types may be involved in latent interactions. However, in the reactivation experiments using LS2, I I fluorescent foci were observed and all were positively identified as neurons. Each appeared on at least two contiguous sections and when these were examined histologically the nuclei of the satellite glial cells associated with the neurons were readily identified. No HSV-specific antigens were detected in these nuclei by immunofluorescence and it therefore appears extremely unlikely that the virus detected in neurons originated in these cells. It is therefore tempting to argue that the neuron is the only cell type in which a latent infection may be established.
Experiments with tissue culture systems lead us to believe that the inevitable outcome of a production infection with HSV is the death of the cell. If this is true of neurons in vivo then there are two important implications for HSV latency. (I) The initial latent infection must be established without productive infection of the neuron. (2) Activation of latent virus must inevitably lead to the death of the neuron.
Our own results presented here on the mutants LS2, LB3 and LB7 and also the earlier results of other workers with ts mutants (Lofgren et al. I977) have clearly shown that there is no absolute requirement for a productive infection during the establishment of latency in the neuron.
The second implication is less easy to substantiate. However, our investigation of the latent status of animals following neurosurgery suggests that activation results in the elimination of latent loci. The proportion of latent ganglia and also the amount of virus recovered from positive ganglia were significantly reduced following neurectomy. It is possible that neurosurgery itself resulted in the non-specific destruction of neurons but histological examination of ganglia 2 weeks after neurectomy showed no evidence of significant neuronal degeneration. An alternative explanation which cannot be excluded is that the abnormal metabolic state of neurons following neurosurgery (Lieberman, I97I) renders them more susceptible to cytolysis by a productive infection following activation of the latent virus.
Since the reduction in latent foci was seen in animals infected with SCI6 it would seem unlikely that latency is re-established by spread of reactivated virus within the ganglion. This raises once more the question of how latency is maintained within ganglia for long periods. There appear to be two possibilities. Either all latent foci are established during the acute primary infection or, alternatively, latency is maintained by a 'round-trip' mechanism as suggested by Klein (1976) in which virus is cycled between the ganglion and a peripheral site in the skin. However, these mechanisms are not mutually exclusive and we favour a model to explain long-term maintenance of latency which combines both. In this model multiple latent foci are established during the primary acute infection. Each reactivation event results in the elimination of the activated focus with the possibility of virus passing to a peripheral site in the skin. New latent foci may then be established by reinfection of the ganglion via adjacent sensory nerve endings.
